The use of potentiometric detection presents several advantages, namely a constant sensitivity over a wide concentration range. However, since this parameter in several situations is insufficient, its analytical usefulness is restrained.' The increase in the analytical sensitivity of potentiometric batch measurements has been considered before'_g by connecting cells in series'-3 or totalling the potentials of two conventional electrodes immersed in the same vessel.4-6 When potentiometry was used as a detection process with flow-injection systems9-12 an improvement in the sensitivity of the detector was obtained by a sequential location of conventionalshapped ion-selective electrodes9-11 or second kind electrodeS. 12 This paper refers to the construction and evaluation of two types of detection systems designed for FIA, based on the use of tubular electrodes with homogeneous crystalline membranes. These were constructed according to a procedure previously described for electrodes sensitive to chloride, bromide and iodide19, lead, cadmium and copper21, of which the internal diameters were similar to those of the FIA manifolds. Two alternative hypotheses have been assessed. In one of the systems, two electrodes of the same kind were placed sequentially (with a defined distance) in a single-channel FIA manifold, with each one working alternatively as a reference of the other (SDS). In the other, tubular detectors were constructed with two membranes (DMDS), 3 mm apart, totalling the potentials (vs. the same reference electrode) with an electronic device, which had been constructed for that purpose.
Experimental
Reagents and solutions All solutions were prepared with deionized water (specific conductivity <0.1 µS cm-'), and analyticalreagent grade chemicals were used without prior additional purification.
Stock solutions were prepared by carefully weighing their salts.
When standardization was necessary, it was performed with the appropriate primary standard solution.
Apparatus
A 2002 Crison potentiometer (sensitivity of ±0.1 mV), connected to a BD 11 Kipp & Zonen recorder, was used.
In FIA manifolds, the solutions were pumped by a Gilson Minipuls 2 peristaltic pump, and samples were inserted in the carrier solution through a Rheodyne 5020 injection valve. Omnifit PTFE tubings with 0.8 mm i.d. were used to connect the different parts of the FIA manifold. Auxiliary laboratory-made devices, namely joints, a grounding electrode and reference supports, were used and constructed, as previously described. '4 The totalling of the analytical signal of each membrane of the DMDS was carried out by an electric summing device (Fig. 1 ). An Orion 90-00-02 double junction reference electrode, with a KNO3 0.1 M solution in the outer compartment, was used in the DMDS.
Preparation of the membranes and the tubular detectors
The sensors and the pressed membrane used in preparing the tubular electrodes were similar to those previously referred to for halides19 and for cationic species. 21 The tubular detectors, which comprised only one membrane (SMTE), were constructed according to ref. 19 . A similar methodology was used in preparing DMDS. In this case, perspex cylinders with two parallelepipedic cavities (3X4.5X7.5 mm) were constructed, in which the two sensor membranes were included (Fig. 2) .
The membranes were restored, whenever necessary, by polishing with a damp cotton thread and aluminum oxide powder (Buehler 40-6603-030-016).
Evaluation of the developed detection systems
The detection systems were evaluated in continuous low-dispersion flow systems. A 0.1 M potassium nitrate solution was used as the sample carrier and ionicstrength adjuster. A 2X105 M solution of the primary ion (to reduce the extent of the membrane solubility and to diminish the time to return to the baseline) was added to the carrier.
To determine the lower limit of the linear response, lower levels of the primary ion were used in the carrier solution, a value of 5X106 M being selected for chloride, iodide, copper, cadmium and lead, and 1X10-6 M for bromide. The pH effect was studied for solutions with a 1 X 103 M concentration of primary ion, using an FIA system, as previously mentioned. 20 The extent of the interference was assessed for different concentration levels of the interfering ion by a procedure similar to the mixed-solution method used for batch conditions.22 Results and Discussion
Sequential detection system (SDS)
A low dispersion FIA manifold (Fig. 3A) was estab tubular potentiometric detectors. (A) the shielded cable is attached with electric solder to a silver plate; (B) the membrane is glued to the silver disk with a silver-based epoxy resin; (C) after hardening, the membranes are housed in a double perspex cylinder filled with non-conductive epoxy resin; (D) after drilling a hole at the two membrane centers, the sensor module is set in a rectangular block for incorporation in the FIA system; (E) detailed view of the two membranes; d, distance between membranes approximately 3 mm.
lished using a sequential detection system which included two SMTE sensitive to the same species, without using any conventional reference electrode. The sequential location was only enabled by the tubular configuration of the electrodes, and by their internal diameter, which was similar to that of the Teflon tubes used in the joints. In order to increase the analytical sensitivity (mV/dec) and to obtain a maximum of reproducibility, the FIA manifolds were optimized. Therefore, two individual signals, one increasing and the other decreasing, with similar heights, were attempted. Consequently, the measurement in the first detector had to be made with the lowest possible dispersion; on the other hand, when the sample plug reached the second detector, the first should already record a signal corresponding to that of the baseline. This was achieved by changing the distance between both detectors. Increasing that distance was, however, restrained since if it was too long, it would cause an excessive sample dilution on the second detector, and therefore a decrease in the analytical signal (which comprised the sum of the increasing and decreasing signal), in addition to a diminishing of the sampling rate.
Since the sample injection volume and the carrier flow rate also affect the sample dispersion, they have been optimized by establishing a compromise between the time to pass the plug through the detectors and the Table 1 . The results related to lead cation are not presented, since a sequential location of the SMTE is not advised, because the instability of the potentials of each SMTE provides results without analytical usefulness. Previous work21 proved that these SMTE present a deficient reproducibility and stability as a result of membrane oxidation, which required frequent polishing. Obviously, this aspect is even more pronounced using two SMTE placed sequentially.
These results show that, for all of the chemical species studied, the relationship between the injection volume and the distance covered by the plug between both detectors is a determining factor of the sensitivity characteristics of the detection system. Injection volumes higher than 200 µl and distances between the tubular detectors less than 150 cm lead to an overlapping of the analytical signals, whereas distances longer than 250 cm cause a useless high sample dispersion on the second detector, and therefore a decrease in the peak height as well as a diminishing of the sampling rate.
According to Table 1 , a good relationship between the injection volume and the distance between detectors is about 200 µl/250 cm for all of the SDS. Small differences may be detected in the values of Table 1 , which refer to slightly different response rates of the SMTE used in the SDS manifolds. The effect of the carrier flow-rate variations on the SDS response was evaluated for different flow rates. The results show that this parameter only influences the sampling rate, which was diminished when the flow was decreased. A flow rate of 8.0 ml min-' was selected once a good sampling rate was obtained (approximately 120 -150 samples/h).
After FIA manifold optimization, the general working characteristics of the detection system were evaluated; hence, consecutive calibration trials (Fig. 4a) were carried out in solutions of the corresponding ions (Table 2 ). The same Table shows the values obtained in a low-dispersion FIA manifold when the evaluation was performed with SMTE using the same sensors in the membranes. Despite this increase in the sensitivity, the obtained value did not correspond, in any case, to the effective totalling of the slopes of each tubular electrode, since there was a certain sample dispersion level between the first and second detector.
The potentiometric selectivity coefficients (Kp°t) were evaluated for the different detection systems according to a previously mentioned procedure19,21 for the corresponding SMTE. The results (Table 3) were similar to those referred to the corresponding SMTE.'9,2' The values obtained for the KP°t of the SDS for halides prove the deviations, previously referred for the SMTE, from the theoretical values19 (estimated from the ratio of the solubility products). These deviations are more pronounced when the solubility product of the sulfide of the interfering ion is lower than that of the sulfide of the primary ion, present in the membrane.
The reproducibility of the analytical signal was also evaluated by making 16 replicate injections of standard solutions of the corresponding primary ions at concentrations of 1X104, 5X104 and 1X103 -M.
Relative standard deviations of about 0.5 mV were obtained for all of the detection systems.
The stability of the potentials, determined by performing consecutive calibrations for 8 h, caused variations in the potentials less than ±1.5 mV. Table 3 Potentiometric selectivity coefficients (Kp°t) for the electrodes Detection systems with double membrane tubular detectors A detection system comprising a conventional reference electrode coupled to a tubular detector with two membranes was also developed. The totalling of the potentials of each membrane, 3 mm apart, was carried out externally by an electronic device, the circuit of which is plotted in Fig. 1 . The FIA manifold used for determining the behavior of the DMDS (Fig. 3b) was also optimized regarding the sensitivity of the detection system (mV/dec), signal reproducibility and attainable sampling rate. Therefore, the influence of the injection volume and the flow rate (Table 4) were studied. The results show that those parameters did not produce any significant effect on the sensitivity of the system. The slight variations recorded along with an increase in the injection volume represent a decrease in the sampling rate, due to an increase in the time of passing the sample plug through the detector. The selected injection volume (200 µl) and the flow rate (8 ml min 1) were due to a compromise between a potential value close to the corresponding potential of the stationary state and the sampling rate achieved by the system. Under these conditions the calibrations (Fig. 4b) of the DMDS were compared with those of the SDS and of SMTE.19,21 Table 2 shows that there are no significant differences concerning the general working characteristics, except for the sensitivity which was approximately double that of the SMTE19,21, and better than the values obtained for the sequential detection system. This aspect is accounted for the fact that for the DMDS it was possible to maintain a similar sample dispersion level in each membrane, due to their proximity, whereas for the SDS the plug reached each electrode of the detection system with different dilution levels. The latter is due to the distance between each electrode, which had been defined in the optimization process previously mentioned.
The pH effect was also determined (Table 2) ; the results obtained were similar to those obtained for the corresponding SDS. The reproducibility (16 injections) of the analytical signals, evaluated as previously described, produced variations of less than ±0.6 mV for all the detectors, except for lead (±1.9 mV). This is related to the response time and the stability of the membranes.
The stability of the potentials, on a working day, did not cause any potentials deviations over ±l mV, except for lead, which showed values of ±2 mV/d.
The values of the selectivity potentiometric coefficients (Table 3) were also similar to those determined for SDS and for the SMTE.19,21 The obtained improvements may eventually be reflected to a better behavior of the DMDS. The present work enabled us to conclude that it is possible to obtain an effective gain of analytical sensitivity (mV/dec) in continuous-flow systems with potentiometric detection. This increase can be provided either by detection systems with two tubular electrodes sensitive to the same species placed sequentially, or by a detection system comprising tubular detectors prepared with two membranes, coupled to a conventional reference electrode. Although their comparative study has shown similar working characteristics, when compared with the corresponding SMTE they presented higher analytical sensitivity values. This improvement is more significant in the case of the DMDS than in SDS. Nevertheless, the latter presents the advantage of not requiring a conventional reference electrode, or a device for totalling the potentials, which represents a more economic manifold.
The construction process used in preparing the SMTE of the SDS or DMDS manifolds enabled us to steadily adapt the detectors to the FIA system, resulting in robust manifolds easily handled in routine laboratorial work.
The improvement in the sensitivity, achieved with FIA and potentiometric detection systems, is an analytical advantage, since more accurate results are provided if, for example, continuous-flow titrations are used as analytical method, or even if direct determinations below the linear response range of the electrode are attempted.
